Tungstenlcarbon (W IC) multilayer thin films were prepared by dc magnetron sputtering. All samples consisted of 30 layer pairs with a nominal d spacing varying from 2.5 to 14 nm, the W layer thickness was kept at 2 nm in all samples. The W IC multilayers were subjected to isochronal anneals in a quartz tube furnace at the temperature range from 500 to 950·C under a flow of high purity Ar gas. X-ray diffraction, Raman scattering, and Auger depth profile were used to characterize the structure of the as-prepared and annealed multilayer films. Both the Wand C layers appear to be amorphous as-prepared. An overcoat of 30 nm of plasma enhanced chemical vapor deposited silicon nitride was found to inhibit oxidation during annealing. For those multilayers containing thinner carbon layers ( < 1 nm), the formation of crystalline W 2C occurs at annealing temperature as low as 500·C and a very small expansion ( < 2%) in the layer d spacing is observed. On the other hand, for all multilayers with carbon layer thickness equal or greater than 2 nm, crystallization occurs at much higher annealing temperatures and the crystalline phases observed were alpha-Wand We. It is also observed that in the latter group the period increases monotonically with increasing annealing temperature, the total expansion is about 10% and affects both Wand C layers approximately equally. The expansion stops at the crystallization temperature which occurs at 900·C or higher. The expansion is under investigation but may be interpreted as due to the structural ordering processes in the amorphous Wand C layers.
I. INTRODUCTION
The interfaces in synthetically produced multilayers l -5 provide a novel opportunity to study fundamental interactions between the two layer materials. These interactions strongly depend on the structure of the two layers in contact.6-20 For instance, thermally activated atomic diffusion at the interfaces of siliconl germanium amorphous multilayers has been observed without crystallization occurring. 19 ,20 Also, the chemical reactivity of a number of metal! semiconductor interfaces has been demonstrated over the past few years. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In many applications such as in synchrotron radiation beam lines and x-ray laser cavities, the thermal stability of the multilayer structure is of considerable importance. Often, the changes induced by elevated temperatures lead to thedegradation of the layer structure.
For tungsten/carbon (W IC) multilayers, the results of several annealing studies have been previously reported.6-17 Interfacial reactions are observed at annealing temperatures which depend on the structure of the as-prepared multilayer.6-14 In addition, it has been observed that the thermal annealings also result in an expansion of the multilayer repeat period.6-12 Three different mechanisms have been previously proposed to explain the cause of the expansion: (i) the agglomeration of the W layers, 10, II (ii) the expansion of the carbon layers, 12 and (iii) the formation of better ordered local atomic rearrangements like those in tungsten carbides after annealing at moderate temperatures. [7] [8] [9] In this report a systematic study on the structure of the asprepared and annealed W IC multilayers is presented. The Wand C layers were both amorphous in the as-prepared structure. Upon annealing interfacial mixing occurs and different crystalline compounds are observed depending on the W to C atomic ratio. For samples with the W layer thicker than the carbon layer, the formation of crystalline W 2C was observed at an annealing temperature as low as 500 ·C. Similar results have been reported before. 6 For samples with a thicker carbon layer, crystallization takes place at higher annealing temperatures with the formation of alpha-W which then reacts with the carbon to form crystalline WC in a hexagonal phase at the W/C interfaces. 6 • 7 We also observed that the crystallization temperature of the W layer increases with the increase in thickness of the carbon layer. The expansion of the multilayers with a carbon layer of 2 nm or thicker is approximately 10% and it is interpreted in terms of structural ordering processes in both the amorphous Wand C layers.
II. EXPERIMENTAL
W IC multilayers with a nominal repeat period varying from 2.5 to 14 nm were prepared on unheated crystalline ( 111) silicon substrates by the magnetron sputtering method. The alternating W IC layers were deposited by continuously rotating a carousel with the substrates on it over the two sputtering targets. The tungsten and graphite used in the sputtering targets were of a purity better than 99.99%. All samples consisted of 30 layer pairs and a constant W layer thickness of 2 nm in each pair. The thickness of C layers varied from 0.5 to 12 nm. The W layer was the top layer in the W IC multilayer configuration. In this report, the multilayer films are designated by "Cn" where n is the carbon thickness in angstroms. All samples were coated with a 30 nm thick silicon nitride layer to prevent oxidation during the annealings. 13 The silicon nitride layer was prepared by the plasma enhanced chemical vapor deposition (PECYD) technique at 295 ·C using a gas mixture of SiH 4 , NH 3 , and He at a pressure of 0.4 Torr. The W /C multilayers were subjected to isochronal anneals. That is, they were heated in a quartz tube oven for one hour at a predetermined temperature, characterized by Raman scattering (RS), x-ray diffraction (XRD), and Auger electron spectroscopy (AES) and then returned to the oven for another anneal at a temperature 50 or 100 ·C higher.
The room temperature Raman measurements were recorded in the back scattering geometry using the 488 nm line from an argon ion laser focused onto the sample using a cylindrical lens. For all measurements the output laser power was 300 m Wand the slits of the double monochrometer were set to achieve a resolution of about 5 cm -I . A small piece was cut frorp. the main sample, the overcoat silicon nitride layer was removed using a low energy (1.5 keY) argon beam and then the Raman spectrum was recorded from that area. The same procedure was followed for each annealing temperature.
AES analysis was carried out in a PHI 550 surface analysis system having base pressure of < 10 -10 Torr. A differentially pumped argon ion gun was used to bombard the sample surface at 30' from the surface normal to remove the silicon nitride overcoating and, in some samples, the oxygen contaminated layer near the top region of the multilayer films after each annealing. The layer and atomic structures of the W /C multilayer films were determined by XRD measurements. The XRD traces were recorded using a Philips 0-20 diffractometer with monochromatized Cu Ka radiation. The input power of the x-ray source was 800 W, 40 keY, and 20 rnA. High angle XRD trace (20) 10') was recorded with the collimations of l' divergent and 0.2 mm detector slits. Collimation widths of 1/30' and 1/4' for divergent and receiving slits were respectively used for the low angle XRD measurements (20 < 10'). A five order logarithmic scale was used to record all XRD traces.
III. RESULTS Figure 1 shows the first order Raman spectra from the asprepared W /C multilayers. The nominal carbon layer thickness is indicated at the right-hand side of each curve. The Raman intensity in the vertical axis was recorded using the same scale. All Raman spectra consist of a main feature centered at about 1500 cm -I and weaker signals at lower frequencies. It is observed that in the recorded frequency range, the Raman intensity increases monotonically with the increase in thickness of the carbon layers. Spectra similar to these have been previously related to an amorphous carbon structure 21 in which carbon atoms mainly have the threefold, Sp2, coordination. The high and low frequency features, respectively, originate from the inelastic scattering of the incident photons by optical and acoustic phonons in the disordered graphitic structure. in the spectrum of amorphous carbon: one component is related to the graphite E 2g mode at ~ 1580 cm -I and the other, which is induced by the disorder, at ~ 1380 cm - 1 .22 This is true for microcrystalline or polycrystalline graphite, where the two lines are well resolved, however, there is an indication that in any amorphous Sp2 coordinated carbon structure the broad main Raman feature may have important contributions from other symmetry points in the phonon dispersion curves with high density of states. 23 Due to the low Raman cross section of metallic layers no signal related to the W layers is observed. Figure 2 exhibits the Raman spectra for the C20 sample:
(a) as-prepared and (b) and (c) after annealing at 600 'c.
All data in the figure were recorded under the same experimental conditions. Curve (b) was recorded from a sample which had the silicon nitride overcoating layer during the annealing, but it was removed for the Raman measurement. Spectrum (c) corresponds to a sample without a silicon nitride overcoating layer. Those samples having the silicon nitride protective layer and annealed at 600 ·C revealed minimal changes in the spectrum, the most obvious being the slight increase in the intensity ratio of the 1300 to the 1500 cm -I peaks. Two noticeable changes occur in the Raman spectrum of the sample without the silicon nitride layer [curve (c) ], one is the appearance of Raman lines at about 250, 700, and 800 cm -I , marked with arrows, and the other is the splitting of the main Raman feature into two lines at about 1380 and 1580 cm -I . Also notice that the intensity of the carbon signal increases by more than one order of magnitude. As reported previously the sharp lines at 700 and 800 cm -1 as well as the features in the range of 200-500 cm -1 are associated with the formation of crystalline W0 3 in the triclinic and/or orthorhombic structures. 13 ,24 The results of the Auger profiles performed on the as-prepared and an- nealed samples without the silicon nitride coating indicated that oxygen penetrates into the multilayers to a depth which increases with the increase in annealing temperature but decreases with the increase in carbon layer thickness for a given annealing temperature. 13 Furthermore, the Auger profile data also indicated the loss of compositional modulation in the oxidized region. 13 For the particular case shown in Fig. 2(c) , the oxygen only penetrates few layer pairs, causing the oxidation of the W layers as well as the increase of the carbon Raman signal which consists of two well defined peaks at 1380 and 1580 cm -I • Based on previous work these changes indicate the crystallization of amorphous carbon to a graphitic structure.
2l ,25 The Raman spectrum measured on the same sample after removing the oxygen contaminated region by low energy Ar sputtering revealed a spectrum similar to that shown in Fig. 2 (b) . This indicates that the crystallization of the amorphous carbon has only occurred in the oxygen reached region, and therefore that oxygen catalyzes the crystallization of the C layers. 13 Thicker amorphous carbon films require much higher annealing temperature ( > 1000 °C), under oxygen free conditions, to achieve a degree of crystallinity similar to that displayed in the Raman trace shown in Fig. 2 ( c ) . 26 Figure 3(a) is the XRD trace recorded from the as-prepared C5 sample. A common broad feature centered at 38.5" is observed in the trace of all as-prepared W /C multilayer films. Since the x-ray scattering factor of the W layer is much larger than that of the C layer and an amorphous carbon layer would display a broad feature centered at about 23", this broad feature at 38.5" is most likely associated with the W layers in the W /C multilayer structure. amorphous W layers with thickness up to 4 nm in W /C multilayers have been reported in the earlier studies.6-9.I7 From the Raman data presented in Fig. 1 and the x-ray data shown in Figs. 3 (a) and 4 (a), it is concluded that within the limits of those techniques, both Wand C layer are in the amorphous state for all the as-prepared films. The peak at 28.5" marked with an arrow is due to the SiC 111) substrate, its linewidth and low intensity suggests that the SiC 111) orientation is askew from the surface normal. After annealing at 500 °C, the XRD trace of the C5 sample [ Fig. 3 (b) ] reveals several weak and sharp peaks, which are associated with the formation of hexagonal a-W 2C structure. The broad feature related to the x-ray amorphous W is still noticeable after heat treatment at 500 °C, but it almost disappeared after the 600 °C anneal [ Fig. 3 (c) ], and the intensity of the W 2C crystalline peaks becomes stronger indicating the increase in the partical size and/or volume fraction of this phase in the film. Annealing at higher temperatures on the C5 sample did not appreciably change the high angle XRD trace. Figures 4(a)-4(c) display the high angle XRD traces of the C20 sample: (a) as-prepared and annealed at (b) 900 and (c) 950·C for 1 h. For the as-prepared sample [curve (a)] the broad feature located at 38.5" represents the x-ray amorphous nature of the W layers. The peak marked with an arrow is again related to the Si substrate. The weak and sharp peaks in the range of 10-15· are related to the layering structure of the sample. The XRD trace was basically unchanged after annealing to temperatures up to 800·C. In curve (b), several sharp crystalline peaks appear on top of the broad feature after annealing at 900·C. These peaks are associated with the formation of crystalline a-W (body-centered cubic structure) and WC (hexagonal structure). The intensity of these peaks increases after further annealing at 950 ·C, as shown in curve (c), indicating the increase in the practical size and/or crystalline volume fraction of these phases in the W /C multilayers. It is also noticed that the WC phase shows a (00/) preferred orientation. The x-ray amorphous W signal is still present after the 950 ·C annealing with a noticeable increase in its peak intensity, slightly narrowed linewidth and the peak maximum slightly shifted to higher 20 values, approaching the peak position of the a-W (110) reflection.
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The C40 sample followed a behavior similar to that observed in the C20 film with the formation of crystalline a-W and WC after 900 ·C annealing, however, for the C80 and C120 samples the initial crystallization in a-Wand WC did not occur until after annealing at 950·C. The XRD trace obtained from the C80 and C120 samples after 950·C annealing are qualitatively similar to that of curve (b) in Fig. 4 .
The Raman spectra were measured on all samples after annealing at 500, 600, 700, 800, 900, and 950·C for 1 h. Similar changes in the spectra were observed in all samples. To illustrate the changes, Fig. 5 shows the spectra for the C120 sample before (a) and after annealing at (b) 500, (c) 700, and (d) and (e) 950 ·C. A gradual increase in the Raman signal is observed in the region of 1300-1500 cm -1 for increasing annealing temperature. At 950·C the Raman spectrum shows two well defined lines with about the same intensity [curve 5 (d) ], indicating some crystallization of the amorphous carbon. The result of the Auger profiles measured on the samples after each annealing step indicated that a small amount of oxygen had diffused through the overcoated silicon nitride layer and oxidized the very top W /C layer pair only after annealing at 950 ·C. 13 Curve 5 (e) is the Raman spectrum recorded from the same 950 ·C annealed sample but after Ar sputtering to remove the oxygen contaminated region, which in this case was only the first layer pair. It can be seen that this spectrum is very similar to that of curve (a) taken from the as-prepared C120 film. Thus, the carbon Raman signal in curve (d) is the superposition of two components: one obtained from the microcrystalline graphite particles formed in the oxygen contaminated first layer pair region and the other from the amorphous layers beneath. It is then inferred that no drastic changes have occurred in the structure of carbon beyond the first carbon layer. tures. In Fig. 6 ( a) , the detection of the sharp low angle peaks up to the 12th order indicates a good layered structure in the as-prepared film. The number on top of each peak represents the order ofthe low angle reflection. Due to the fact that for this particular multilayer, the thickness of the carbon layer is six times that of the W layer, the intensity of the 7th order peak (marked by an arrow) is suppressed, as a result of the destructive interference for this diffraction order. The layer pair spacing determined from the averaged d spacing of the high order low angle reflections was 13.91 ± 0.02 nm which is very close to the attempted value of 14 nm. Annealing at temperatures up to 900 ·C slightly sharpened the low angle peaks and shifted them to the lower 20 values,corresponding to larger d spacings. After the 950·C anneal, the low angle XRD trace reveals the same number of low angle reflections as that obtained in the as-prepared sample. Furthermore, the 7th order peak remains relatively suppressed with anneals at higher temperatures, as shown in curves 6(b)-6(d). Annealing at 950·C slightly broaden the linewidth of the lower order low angle peaks, see Fig. 6 (d), suggesting some changes in the multilayer structure which degrade the periodicity. Figure 7 shows the layer pair period as a function of annealing temperature for all multilayers. In the case of C5 and C 10 multilayers, the layer pair periods slightly increase with the first anneal, which was at 500 ·C, and then decrease when the annealing temperature exceeded 500 ·C. This re- verse behavior coincides with the formation of crystalline W 2C, For those multilayers containing thicker carbon layers (;>2 nm) the expansion of the layer pair periods continues with increasing anneal temperature except for the highest temperature at which a slight contraction is observed when the crystallization of the W layer occurs. All multilayers with carbon layers greater than or equal to 2 nm expand at essentially the same extent with increasing annealing temperature, and all appear to have the same onset for expansion between 300-400 ·C. The relative rate of increase is approximately uniform and is approximately the same for all multilayers up to the point that crystallization takes place. The rate is about 1.4%/loo·C for the C20 and C40films and 1.7%/100 ·Cfor the C80 and Cl20films. The total expansion of the layers is constant and remarkably large, 10%-11 %, for all the films containing more than 1 nm of carbon per period, see Fig. 8 .
IV. DISCUSSION
As previously reported, the annealing behavior of W IC multilayers depends largely on the structure of the as-deposited films. Particularly, it has been pointed out that the annealing temperature at which the chemical reaction between the Wand C layers occurs depends on the thickness of the W layer.6-9.13 For the present study the as-prepared W layer thickness was 2 nm and it was found to have an amorphous structure. Upon annealing, the formation of crystalline phases depend on the W IC atomic ratio. For the C5 sample having a W:C atomic ratio of 2: 1 and the very thin carbon layers, a W 2C crystalline phase is formed at annealing temperature as low as 500 .c. 6 Annealing at temperatures up to 950 ·C do not change the W 2C crystalline phase. For samples having the W IC ratio less than 2, the nucleation occurs at much higher annealing temperatures with the formation of two different crystalline phases, a-Wand WC. 6 ,7,9 The XRD results suggest that in multilayers with thicker carbon layers the mixing only occurs at an annealing temperature for which the W layer partially crystallizes and that the formation of the crystalline WC phase proceeds immedi-#- §. ately. It is also found that the crystallization temperature of the W layer along with the formation ofWC depends on the thickness of the C layers. Thus, this transformation occurs at annealing temperatures of950·C in the C80 and Cl20 samples and occurs at 900 ·C in the C20 and C40 samples. The retardation in the crystallization of the W layer is similar to the behavior observed in the a-Ge:HI a-Si:N:H multilayers where the crystallization of the a-Ge:H layers depends on the thickness of both layers. 28
The expansion ofthe multilayer during annealing is especially noteworthy. For all multilayers with a carbon layer thickness greater than 2 nm, there is an approximately 10% expansion in the repeat period. Two explanations have been previously proposed for this rather surprising effect, expansion of the carbon layers,12 or agglomeration or roughening of the W layers. 10,11 Volume changes of more than 10% are known in the case of the annealing of amorphous semiconductors. However, these volume changes are usually decreases rather than increases, and volume changes for metals such as tungsten are typically smaller than for semiconductors. It is noted that if the increase in lattice spacing is due to such an expansion, the amorphous state would have to be more dense than the crystalline state. This is possible since the packing density of tungsten atoms in its natural bodycentered-cubic (bcc) structure with eight nearest neighbors may be lower than in the amorphous state which could be in a face-centered-cubic (fcc) close-packed coordination with between eleven and twelve nearest neighbors. Based on similarities with osmium and iridium, which are the elements with an atomic number two and three higher than tungsten and crystallize in the hexagonal-close-packed (hcp) and fcc close-packed structures, this increase could be 12%. However, from the relative constant increase with temperature after the onset and the absence of any crystalline peaks until higher temperatures the volume expansion cannot be attributed to amorphous to crystalline conversion per se, although the expansion conceivably might be due to the reorganization of an amorphous state preceding crystallization. The reorganization of a-C could also cause it to expand. The atomic density of Sp3 carbon is higher than that of Sp2 bonded carbon as can be seen by contrasting the densities of diamond and graphite, 3.51 and 2.25 g/cm 3 , respectively. If a portion of the deposited carbon is Sp3 which reverts to Sp2 upon annealing, the volume of the carbon layer could increase even more than is conceivable for tungsten. From the Raman measurements on annealed samples, no changes in bonding structure are observed. This is possibly due to the much lower Raman cross section of carbon-carbon bonds with the Sp3 coordination. 21 According to the low angle XRD data presented in Fig. 6 , the 7th order peak which is suppressed in the as-prepared state of the C120 film remains relatively suppressed after annealing at higher temperatures, up to 950 ·C. Similar observations are also found in the C80, C40, and CiO samples where the low angle peaks corresponding to the 5th and 10th, 3rd and 6th, and 2nd and 4th orders, respectively, are suppressed in the as-prepared and annealed states. This is strong evidence that the multilayer expansion cannot be solely attributed to the expansion of the C layers but rather both the carbon and the tungsten layers expand at approximately the same rate. The relative intensity of the suppressed peak would otherwise change dramatically upon annealing.
We have ruled out the mechanism ofW agglomeration for layer expansion,IO·11 that is, the transport laterally of atoms within a layer of tungsten or carbon from one part of the film to another to increase the thickness in one region at the expense of another. This model avoids problems with molar volume expansion and does not account for how the low angle XRD reflectivity is maintained (see Fig. 6 ).
Another mechanism that has been proposed to explain the layer expansion is the formation of W-C compounds upon annealing,7-9 This study shows that in samples having C layer thickness> 2 nm, the layer pair periods increase monotonically with increasing annealing temperature up to 900 or 950·C. The expansion stops at temperature when crystallization takes place with the formation of a-W which then reacts with the carbon to form crystalline WC at the W IC interfaces.27 Thus, premixing during earlier annealing temperatures is also unlikely as the mechanism responsible for the expansion.
v. CONCLUSIONS
Amorphous W IC multilayers have been annealed up to 950 ·C under Ar flow conditions. An overcoating layer of 30 nm silicon nitride has demonstrated to be sufficient to prevent surface oxidations in the multilayers at annealing temperature up to 950 ·C. The crystalline phase of W 2C is present in those multilayers having thinner carbon layers ( < 1 nm) at an annealing temperature as low as 500 ·C, On the other hand, the crystalline phases of a-Wand WC appear on all multilayers with carbon layer thickness greater than or equal to 2 nm at much higher annealing temperatures ( > 900 ·C). In the latter group, it is observed that the layer period increases monotonically with the increase in the annealing temperature, the total expansion of both the Wand C layers is about 10% and stops at a crystallization temperature of 900 ·C or higher. It is also inferred that both the W and C layers expand at approximately the same rate. The results suggest that the expansion is associated with structural ordering processes in the amorphous Wand C layers. Furthermore, no significant interlayer diffusion is inferred in the multilayers until the crystallization takes place at rather high temperatures ( > 900 ·C) ,
